. The deterioration of colour vision has been attributed to reduced colour speci®city in cells of the midget, parvocellular (PC) visual pathway in the peripheral retina 3±5 . We have measured the colour speci®city (red±green chromatic modulation sensitivity) of PC cells at eccentricities between 20 and 50 degrees in the macaque retina. Here we show that most peripheral PC cells have red± green modulation sensitivity close to that of foveal PC cells. This result is incompatible with the view that PC pathway cells in peripheral retina make indiscriminate connections (`random wiring') with retinal circuits devoted to different spectral types of cone photoreceptors 4, 6, 7 . We show that selective cone connections can be maintained by dendritic ®eld anisotropy, consistent with the morphology of PC cell dendritic ®elds in peripheral retina 8, 9 . Our results also imply that postretinal mechanisms contribute to the psychophysically demonstrated deterioration of colour discrimination in the peripheral visual ®eld.
In primates, ganglion cells of the midget, parvocellular pathway (PC cells) are proposed to be the origin of the red±green channel for colour vision 3,10±12 . Most foveal PC cells show chromatic opponent responses: they are excited by some wavelengths in the visible spectrum and inhibited by others. Chromatic opponency of PC cells in the fovea is thought to depend on the fact that they derive input to the receptive ®eld centre from an individual middle (M) or long (L) wavelength-sensitive cone through a midget bipolar cell 4, 6, 13 . In peripheral retina, the receptive ®eld centres (and dendritic ®elds) of PC cells are much larger than those in the fovea, and encompass the area of 20±40 M and L cones 8, 9 ( Fig. 1a, b) . The M and L cones show little or no spatial clustering 14, 15 ; therefore, if the peripheral PC cells draw their receptive ®eld centre indiscriminately from the cones in their dendritic ®eld, they will receive mixed spectral input, and show reduced red±green chromatic sensitivity in comparison to their foveal counterparts. Mixed spectral input to PC cells has been proposed as the basis for the decline in chromatic sensitivity in peripheral vision (the`random wiring' hypothesis) 3±5 . To test directly the random wiring hypothesis, we made extracellular single-cell recordings from the intact eye of anaesthetized macaque monkeys using standard techniques 12, 16 . Recording sites were concentrated in peripheral retina between 20 and 50 degrees eccentricity (Fig. 1c ). Cells were classi®ed by receptive ®eld tests 11, 17, 18 , including measurement of receptive ®eld dimensions, and measurement of contrast sensitivity using luminance-matched red and green light-emitting diodes (LEDs; Fig. 1d ) 12 . Unexpectedly, when tested with hand-held stimuli, most peripheral PC cells (34/ 53, 64%) displayed overt red±green opponent responses. Quantitative analysis of 35 peripheral PC cells revealed 28 (80%) in which response amplitude to isoluminant red±green exchange exceeded the response amplitude for luminance change (produced by inphase modulation of the red and green LEDs). This is an unambiguous sign of cone opponency 16 . Average red±green modulation sensitivity of opponent PC cells with receptive ®elds above 30 degrees eccentricity (0.836 6 0.53 (mean 6 s.d.), n = 11; Fig. 2a,  b) was not signi®cantly different from the average value for a sample of 18 foveal cells (1.207 6 0.46) 12 . As expected 1, 2 , however, the average sensitivity for three human observers, viewing the same stimulus, showed a more than 10-fold decrease over this eccentricity range (from 1.073 6 0.74 at the fovea, to 0.077 6 0.02 at 30 degrees; Fig. 2a ).
Temporal frequency modulation transfer functions were similar in central and peripheral opponent PC cells (Fig. 2b±d) : chromatic sensitivity exceeds luminance sensitivity at temporal frequencies below 10 Hz, and is lower than luminance sensitivity for higher temporal frequencies 12, 19, 20 . Finally, cell responses to red and green LEDs presented at different relative phases and temporal frequencies 16, 20 were consistent with selective M or L cone centres for most cells in peripheral retina, although there was slightly greater variability in cone weighting and temporal parameters of peripheral PC cells when compared with their foveal counterparts.
A minority (7/35, 20%) of PC cells in peripheral retina responded weakly, or not at all, to red±green isoluminant modulation. Their centre radii (0.228 6 0.128 degrees, n = 5) were slightly larger than those of opponent PC cells (0.165 6 0.095 degrees, n = 16), but this difference was not signi®cant (P = 0.24, t-test). No red±green opponent cells with large, spatially non-opponent (`type 2') 10 receptive ®elds were encountered. As expected 10, 17, 18, 21 , both opponent and non-opponent PC cells had signi®cantly smaller (P , 0.02, t-test) receptive ®eld centre radii than phasic, magnocellular pathway cells (0.371 6 0.145 degrees, n = 31). These values are consistent with midget and parasol cell dendritic ®eld radii at the eccentricity range measured 8, 9, 22 . Non-opponent response characteristics have been reported for midget cells recorded in vitro in far peripheral retina, above 50 degrees eccentricity 22 , where convergence of cone input is already present at the level of midget bipolar cells. By contrast, at eccentricities below 50 degrees there is little convergence of cone inputs to midget bipolar cells 13 , so cone-speci®c signals are available to PC cell dendrites at these eccentricities. Is the morphology of these PC cells compatible with cone selectivity? A well-known feature of PC cell receptive and dendritic ®elds in Old World primates is that they are not circular 8, 23, 24 . Measurement of dendritic ®eld dimensions for a sample of peripheral PC cells gave an average ellipse aspect ratio of g, human subject AN matrix 15 . Vertical scale bar, 200 observations.
1.87. Furthermore, superposition of PC cell dendritic ®elds with the peripheral cone mosaic (Fig. 3) shows the potential for a high degree of selectivity 8 . We estimated the extent to which the anisotropy in PC cell dendritic ®elds might in¯uence the balance of cone input, by simulating the connectivity of the peripheral primate retina.
The spatial distribution of cones was taken from the matrices described for the living human and macaque retina 15, 25 . We also generated and tested matrices with random M and L cones (Fig. 4a) . We compared M and L cone weight obtained from a randomly placed circular sampling aperture with that obtained from an elliptical aperture of variable orientation (Fig. 4b) . This showed that even a small circular anisotropy could be the basis of a large change in the ratio of M and L cone input to individual PC cells (Fig. 4c, d) .
The ellipse orientation for each simulated cell was optimized to give the greatest segregation of M or L cones. The distribution of cone weight in a large sample of such centres shows a clear bipartite distribution, with a minimum near the average M:L cone ratio, for all the cone mosaics tested (Fig. 4e±g) . This is consistent with our physiological ®nding that most PC cell centres are dominated by either M or L cone input. By contrast, the distribution of circular apertures (or randomly oriented ellipses) shows the expected gaussian form, with a maximum near the average M:L cone ratio for each cone matrix tested (Fig. 4e±g) .
The simulations show that dendritic ®eld anisotropy in PC cells might be a sign of cone speci®city. The fact that the dendrites of PC cells in human and macaque retina occupy non-overlapping domains 8 , which are not preferentially oriented towards the fovea (refs 22, 24; and P.R.M., K. Ghosh, A. Goodchild, unpublished data) is also consistent with this interpretation. The mechanism by which the required match of the dendritic ®eld to clusters of like-type cones would arise is unknown. One possibility is that correlated signals from bipolar cells are a selective stimulus for synapse formation and dendritic growth by PC cells during development. This would lead the dendrites of PC cells to conform to those midget bipolar cells which, in turn, make contact with cones of the same (M or L) type. This idea is supported by evidence that activation of NMDA (N-methyl-D-aspartate) receptors leads to dendritic remodelling in ganglion cells 26 . The expected loss of opponent signals in PC cells outside the fovea has been used to argue 6,7 that a non-midget, red±green opponent cell type must underlie the residual colour vision capacity 1,5 of peripheral vision. Our results strike down this objection to considering PC cells as the subcortical origin of the red± green channel for colour vision.
M

Methods Physiology
Adult macaque monkeys (n = 5) were anaesthetized and intra-ocular recordings were made using standard techniques 12 . We recorded from a total of 131 cells at eccentricities above 20 degrees: 58 (44%) of these were phasic, magnocellular pathway cells; 54 (41%) were tonic, PC cells; 19 (14%) were tonic, blue-ON cells. We measured antidromic activation latency from the optic chiasm, to ensure that achromatic PC cells could not be mistaken for magnocellular cells 11 . Antidromic latencies fell into three classes: all cells with magnocellular-cell-like properties had latencies close to 5 ms; a second group (PC cells) had latencies of 8±11 ms; and blue-ON cells had latencies around 7 ms. Chromatic sensitivity was measured using luminance-matched LEDs with dominant wavelengths of 639 and 554 nm and time-averaged illuminance close to 2,000 photopic Trolands in maxwellian view 12 . The stimulus subtended 4.7 degrees. Response amplitude is taken as the ®rst Fourier harmonic amplitude at the stimulus frequency. Contrast is expressed as LED modulation relative to maximum. In terms of cone contrast, 100% isoluminant red±green modulation produced 68% Michelson contrast in the M cone and 20% Michelson contrast in the L cone 16 . Receptive ®eld dimensions were measured from responses to drifting sinusoidal luminance gratings 17 .
Psychophysics
Three observers (P.R.M., S.G.S. and subject V.B., who did not know the purpose of the experiment) set contrast detection thresholds by the method of adjustment. Stimulus parameters were identical to those for physiological measurements except that the temporal modulation frequency was 1.024 Hz for psychophysics and 1.22 Hz for physiology.
Anatomy
Ganglion cells were ®lled with Neurobiotin in an in vitro preparation of macaque retina 9, 22 . The area equivalent ellipse was calculated from a polygon drawn to connect the outermost points of the dendritic ®eld for 98 PC and magnocellular cells. The ellipse aspect ratio for PC cells (1.87 6 0.64) was signi®cantly greater (P , 0.01, t-test) than that for magnocellular cells (1.38 6 0.26).
Modelling
Cone centre position coordinates for macaque M5 (ref. 25) and subject AN (ref. 15 ) were assigned to a bit-plane image matrix and masked with circular or elliptical apertures. For the L/M random cone matrix the same centre coordinates were used but the identity of each L or M cone was randomly reassigned with equal probability. Aperture dimensions (0.1±0.2 degree radius, 1.5±1.8 aspect ratio) are compatible with measurements of PCreceptive 17, 23 and dendritic ®elds 8, 9, 22, 24 (Fig. 3) , and encompass 15±25 cones at 35 degrees. The L and M cones in each aperture were counted using feature-based image detection algorithms (MathWorks, Natick MA, USA). Optimal ellipse orientation was determined using a simple`hebbian' rule: the dominant (M or L cone) was measured in an initial, circular estimate of the receptive ®eld composition, and then the orientation was chosen that maximized this initial bias. The orientation step size was 22.5 degrees. For illustration purposes, we ®ltered the cone mosaic (Figs 3 and 4a, b) with a two-dimensional gaussian (radius 0.030 degrees) 27 . Aperture dimensions (radius in degrees and aspect ratio) for histograms were 0.13 and 1.8 (Fig. 4e) ; and 0.16 and 1.6 (Fig. 4f) ; 0.16 and 1.6 (Fig. 4g) . Cone weight histograms were ®ltered with 2% uniform noise to reduce artifact from quantization.
A CaMK IV responsive RNA element mediates depolarization-induced alternative splicing of ion channels ; however, the regulation of splicing by cell signalling pathways has not been well explored. Here we show that depolarization of GH 3 pituitary cells represses splicing of the STREX exon 3 in BK potassium channel transcripts through the action of Ca 2+ /calmodulin-dependent protein kinases (CaMKs). Overexpressing constitutively active CaMK IV, but not CaMK I or II, speci®cally decreases STREX inclusion in the mRNA. This decrease is prevented by mutations in particular RNA repressor sequences. Transferring 54 nucleotides from the 39 splice site upstream of STREX to a heterologous gene is suf®cient to confer CaMK IV repression on an otherwise constitutive exon. These experiments de®ne a CaMK IV-responsive RNA element (CaRRE), which mediates the alternative splicing of ion channel premRNAs. The CaRRE presents a unique molecular target for inducing long-term adaptive changes in cellular electrical properties. It also provides a model system for dissecting the effect of signal transduction pathways on alternative splicing.
BK (Slo) channels participate in the repolarization and fast afterhyperpolarization of action potentials and are important in setting the ®ring properties of neurons 4, 5 . Their diverse properties result largely from extensive alternative splicing of the Slo transcript 6±11 .
The STREX exon of Slo confers higher Ca 2+ sensitivity on the channel 3,11±14 , and may contribute to the repetitive ®ring of adrenal chromaf®n cells 3, 5 and the tuning of hearing frequencies in cochlear hair cells 11, 13 . The differential expression of STREX suggests that its splicing is modulated by many physiological factors 3, 11, 15 . Polymerase chain reaction after reverse transcription (RT±PCR) of Slo mRNA indicated that GH 3 rat pituitary cells include the STREX exon in about 20% of their endogenous Slo transcripts (Fig.  1a, lanes 1, 2, and Fig. 1b) . When these cells were depolarized by adding KCl (25 mM), STREX splicing was reduced by 50% in 6 h (lanes 3, 4) . Adding the CaMK inhibitor KN93 to the media, before the KCl depolarization, completely blocked this decrease (30 mM, lanes 5, 6). In contrast, the inactive analogue KN92 had only a slight effect (lanes 7, 8) . Thus, depolarization of GH 3 cells represses STREX exon splicing, and this repression apparently occurs through a CaMK-dependent pathway.
CaMKs I, II and IV can be activated by cell depolarization and inhibited by KN93. CaMK IV, in particular, is important in depolarization-regulated gene expression 16 . Because all three enzymes are expressed in GH 3 cells (Supplementary Information  Fig. 1a) , any one of them might be involved in the repression of STREX splicing.
We wanted to determine whether the regulation was acting through the sequences surrounding the STREX exon itself and also was not an effect of transcriptional regulation or RNA degradation. The mouse STREX exon with partial¯anking intron sequences 4 and 8) ; IVm, CaMK IV-dCTK75E ( lanes 5 and 9) ; Vec, pcDNA3.1(+) (lane 6). Asterisk indicates apparently early terminated products from unspliced mRNA.
